Retina damage or disease in humans often leads to reactive gliosis, preventing the formation of new cells and resulting in visual impairment or blindness.
Introduction
Retina damage or diseases, such as retinitis pigmentosa, result in a loss of retina cells and most often lead to blindness. A current effort to mitigate these effects involves intravitreal injections of stem cells or retina precursors, hoping for successful integration and connection to existing neuronal circuits (Barber et Synaptic input from glutamatergic granule cells regulates activity of GABAergic interneurons in the SGZ. When input from granule cells is low, decreases in extracellular GABA are detected by GABA A receptors on RGLs, resulting in elevated proliferation. We sought to test whether this could be a mechanism that regulates regeneration in the damaged zebrafish retina. In the retina, photoreceptors (PRs) release glutamate onto GABAergic Horizontal cells (HCs).
When PRs die they no longer stimulate HCs to release GABA. We hypothesize that MG detect the decrease in GABA and initiate regeneration in a response similar to activation of glial-like stem cells in the mouse hippocampus. We show here that disrupting GABA signaling causes spontaneous proliferation in undamaged zebrafish retinas and that increasing GABA signaling in damaged retinas suppresses regeneration. Our results indicate that GABA signaling is directly detected by MG, supporting an evolutionarily conserved mechanism of adult neurogenesis.
Results
For MG to detect GABA released from HCs, their processes must be in close proximity. To test this, cross sections of retinas from two lines of zebrafish that express GFP in either MG (Tg(gfap:GFP) mi2001 ) or HCs (Tg(lhx1a:EGFP) pt303 ),
were immunostained with antibodies against GABA, glutamic acid decarboxylase 65/67 (GAD65/67), or glutamine synthetase (GS). We found that HC and MG processes co-localize in the inner nuclear layer (INL) (Fig. 1a-i 1 ). Additionally, the subunit of the GABA A receptor (GABRG2) that is essential for neurogenesis in the SGZ (Song et al., 2012) was detected on MG processes ( Fig. 1j-m) . This was validated by RT/PCR of sorted MG (data not shown) and by previous findings .
To determine if GABA levels decrease after damage, Tg(zop:nfsb-EGFP) nt19 fish were treated with metronidazole (MTZ) to destroy rod photoreceptors and retinas were harvested at different times of recovery (i.e. regeneration). It was found that MG begin to proliferate 52 hours after the end of MTZ treatment (Fig. 2) .
Whole retinas were then subjected to HPLC and the levels of GABA were measured. GABA levels were also significantly reduced 52 hours after MTZ treatment (Fig. 3) . Together, these results support the idea that MG are poised to detect the decrease in GABA released from HCs that occurs after damage, causing them to regenerate. These findings prompted us to directly test whether altered GABA signaling initiates retina regeneration.
As a first test of the model, we injected a GABA A antagonist (gabazine), into undamaged retinas and determined whether inhibition of GABA signaling would cause spontaneous proliferation (Fig. 4A) . As early as 48 hours post injection (hpi) the number of proliferating cells, as detected by proliferating cell nuclear antigen (PCNA) expression, was significantly greater than both uninjected and PBS injected controls ( Fig. 4B-D, Supplementary Fig. 2 ). The increase in proliferation was not a result of an increase in apoptosis ( Supplementary Fig. 3 ).
Proliferating cells were found in the INL and co-labeled with GS, indicating that MG were proliferating. Proliferating cells were found in clusters, which indicates a robust regenerative response with multiple divisions of MG-derived progenitor cells. The increase in spontaneous proliferation was dose dependent (Fig. 5) suggesting a specific effect via the GABA A receptor.
Upstream of GABA signaling, a second prediction of the model is that inhibiting glutamate signaling should produce similar effects as inhibiting GABA (Fig. 6A ).
To test this, the AMPA receptor antagonist NBQX was injected into undamaged eyes and proliferation measured by PCNA staining. Proliferation was significantly greater at 48hpi but reached a maximum at 72hpi (Fig. 6B-D 
Immunohistochemistry and TUNEL labeling
Zebrafish were euthanized in 0.08% tricane and whole eyes were removed and fixed in 9:1 ethanolic formaldehyde (PCNA staining) or 4% paraformaldehyde (all other staining) overnight. Eyes were then washed in PBS and cryoprotected in 30% sucrose for 4 hours at room temperature. Eyes were then transferred to a solution containing 2 parts OCT and 1 part 30% sucrose overnight followed by transfer to 100% OCT for 2 hours and then embedded in OCT for cryosectioning.
Antibodies used were PCNA (Sigma, P8825; Abcam, ab2426), Glutamine Synthetase (Millipore, mab302), GABA (Sigma, A0310), GABA A receptor gamma 2 subunit (Novus Biologicals, NB300-151), GAD65+GAD67 (Abcam, ab11070), GFP (Torrey Pines BioLabs, TP401), mCherry (Novus Biologicals, NBP1-96752).
TUNEL labeling was performed following IHC. The In Situ Cell Death Detection Kit, TMR red (Roche Applied Sciences, 12156792910) was used to detect apoptotic cells.
Design of Dominant Negative γ2 and electroporation
A dominant negative form of the γ2 subunit of the GABA A R was previously . Briefly, fish were anesthetized, the outer cornea was removed, an incision was made in the sclera with a sapphire knife, and a blunt end 30 gauge needle was inserted into the vitreous. 0.5μL of plasmid DNA at a concentration of 2 ng/μL was injected into the vitreous of one eye. Anesthetized fish were allowed to recover, re-anesthetized, and then injected eyes were electroporated (50 V/pulse, 4 pulses, 1 second intervals between pulses). Treated fish were placed into recovery tanks for the times indicated. 
Statistical Analysis

Tg(zop:nfsb-EGFP)
nt19 fish were treated with MTZ and allowed to recover. Whole retinas were removed at indicated time points and levels of GABA were measured from lysates by HPLC. Levels of GABA were measured. A one-way ANOVA was used; Error bars = SD; * = p<0.05.
P r e t r e a t m e n t 5 2 h . r e c . 9 6 h . r e c . nt19 fish were treated with 10mM metronidazole for 24 hours, then allowed to recover. Fish were then anesthetized and injected with either AMPA/PBS control at 28h. recovery or muscimol/PBS control at 48h. recovery. Injected eyes were removed at 52h. recovery. Proliferation was assessed by PCNA staining (B-E). Representative images are small portions of the entire retina. Clusters of proliferating cells were measured across entire sections (F). Scale bar is 100μm. A Students t-test was used; Error bars = SD; * = p<0.05. 
